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I. Introduction 
I.A. Original Hypothesis. It was originally hypothesized that 
a potential existed on the surf ace of a crystal of slightly 
soluble material, in respect to the center of tne crystal when 
it was immersed in a solution cont aining a large concentration 
of one of the ions present in the crystal . The reasoning 
behind this proposed potential is similar to the reasoning 
1. 
g iven by Hammett in explanation of solution and solubility 
product. If a crystal of a slightly soluble binary substance 
is placed in water, ions of both positive and ne gative charges 
be g in to ~o into solution at a definite rate. As soon as some 
ions ge t into solution, however, they begin to deposit on the 
crystal again at another definite r ate. The rate of going 
into solution will remain constant, but the rate of coming out 
of solution will increase as the number of ions in solution 
increases, until finally both rates of ion interchan~e are 
equal, and equilibrium or saturation conditions exist. Now, 
if a definite amount of ano~her soluble salt containing an 
ion in common with one ion in the crystal is added to the 
water , the concentration of the common ion is increased, and 
so its rate of deposit on the crystal will be increased. 
1. Hammett, Louis P ., Solutions of Electrolytes, Chapter III, 
pp. 29-33 . First Edition 1929. 
McGraw-Hi 11 Book '~ ompany, Hew York. 
2. 
Eventuallyt a new equilibrium will be set up for the common 
ion such that its rate of solution will equal its rate of 
deposition. The concentration o! the other ion in the crystal 
has not varied, however; therefore, its equilibrium r a te of 
exchange has remained constant. It is therefore plausible to 
suppose the.t with an asdition of common ion to the solution, 
a larger number of the common ions would plate out on the 
crystal surface than would be de mand ed for neutrality. The 
molecules in the center of the crystal, having been held in 
place, will be electrically neutral, and a potential may then 
be set up between the center and the surface of the crystal. 
Using as a concrete example the case of ~aco 3 employed by 
Hammett2• , we have such a condition possible. In the surface 
of calcium carbonate we have alternate calcium ions and 
carbonate ions. If a crystal of calcium carbonate is plac ed 
in water, and then an amount of calcium chloride is added more 
than su f fi cient to precipitate all the carbonate ions, an 
e qui li brium should be e stab lis hed between the number of 
calcium ions on the surface of the crystal and the number of 
calcium ions in solution. This equilibrium sbould depend on 
the calcium ion concentration in solution. Such a case is 
depicted in Hammett. 3 • It was to measu re such a potential 
that the research in this f ield was i~stigated. 
2. Ibid. 
3. Ibid. (figures 5 and 6). 
3. 
It is quite obvious from what has ·been said in the 
previous paragraph, that the substance which was to be inves-
tigated must be very insoluble. It was further thought 
advisable to use as simple a compound as possible to avoid 
complications regarding possible variations in crystal 
structure. The final and most important consideration was to 
get a substance that had a high specific conductivity so that 
a very small potential drop could be measured with some 
de gree of accuracy. The naturally occurring mineral which 
best fills all the sa qualifications and is easily obtained is 
0 galena. The specific conductivity of galena at 20 C. is 
2.68 ohms- 1cm.-l and its solubility according to s. F . Ravity4 • 
is 3.62 x 10-6 moles per liter. The crystal lattice structure 
is the cubic type which is as simple as can be obtained. 
Galena occurs, moreover, in crystals larf!:e enough to be 
easily mounted. 
The fact that any potential drop bet ween the inside of 
the crystal and the surface would be of very small magnitude 
was fully appreciated, and means of detecting a very small 
potential drop were employed as will be explained fully in 
the experimental section of this paper. Since it was con-
sidered that the work was being done with the substance which 
offered the best opportunity for positive results, the actual 
observation or no potentia l drop led the author to the con-
4. Ravity, s. F ., J. Phys . ~· 40:61-70 (1936). 
4. 
elusion tbat the original hypothesis was in fault in some 
respect which could hardly be determined by work ing under less 
favorable conditions, as would be the case i f s ome other 
naturally occurring mineral were put through the same treat-
ment. In view of the fact that the author could find no 
re £erence to any previous work done along this line, the 
investigati on of this phenomenon was discarded, and ins t ead, 
it was decided that results of more positive nature and 
greate r significance would be obtained if t he potential of 
galena were investigated in a solution of lead ion. 'l'h is led 
t o the second phase of t hi s research denoted in the outline 
as the new problem. 
I.B. ~ Probl~!Q· The new problem was to measure the poten-
tial exhibi t ed by a crystal of galena in a solut ion containing 
one of the ions in definite concentration. The earliest work 
re ported on the investigation of the potential of ga lena in 
solutions containing sulfide ion, is that done by 
J. Be rnf eld5 •. He studied the variation of several metal 
sulfide electrodes in solutions of NaHS, or salts containing 
the metal ion in common. In the oourse of this investigation, 
he tried to apply galena, but found that the potential of 
these crystals showed a continual downward drift when o·bserved 
over a pe r iod of time. Inasmuch as he wanted his electrodes 
to become steady in a short length of time, he abandoned galena 
5. Bernfeld, J., z. !!!£ Physik ·~bernie 25: 65 ff. ( 189 1:3 }. 
5. 
and used an artificially prepared lead sulfide electrode. In 
view of the fact that the results of Bernfeld were not con-
sistent among themselves, which, as later explained by 
Lebedew6 •, was due to the manner in which Bernfeld reported 
the concentration of the sulfide ion, and since he made his 
potential readings with the aid of a mercury capillary 
electrometer which could be read only to millivolts with poor 
accuracy, too much weight should not be placed on the average 
value of 0.750 volts obtained by him for the potential of 
naturally occurring galena in a solution of 1 N. NaHS. It is 
significant to emphasize here that Bernfeld observed that his 
galena electrodes continually changed in value with time, and 
he discarded them. He did not try to explain why they should 
exhibit this peculiarity. The author observed the same effect 
and thought at first that it vvas a matter of gradual approach 
to equilibrium. Inasmuch as the drift was not always in the 
same direct ion, this explanation was not sufficient. Hernfe ld 
reported, furthermore, that no two galena electrodes gave the 
same value in the same solution. For this, too, he gives no 
explanation. A similar ef f ect was observed in the course of 
this research and the cause of this peculiarity was finally 
laid to impurities which varied in concentration from crystal 
to crystal in the galena. In all the work done from the 
pioneer paper by Bernfeld on the potential of galena crystals, 
6. Lebedew, Peter P., ~· ~Electro~ Q.hemie 18: 891 ff. ( 1913) 
no mention is made of discrepancies in readings observed on 
two different crystals, nor is there any note of work done 
by a method comparing a number of crystals ob s erved against 
6 
time. Usually, measurements were made a very short time a f ter 
i mmersion of the electrode into the electrolyte wltbout 
allowing a sufficient time for constant values. It is little 
wonder, therefore, that none of the authors has tried to 
apply t he potential read ings observed to equations giving 
free energy , ionic activity, or solubility of galena . 
There is one important result which is consistent in the 
three ~apers reported since l 8D8 , and that is the apparent 
passivit y of the lead electrode. Lebedew, 7 • after confirming 
the work of Eernfeld, studied the cell Pb(PbSj NaHS,H2s t.J.-.jj 
KCl ln.jHgClJHg by immersing sticks of lead into solutions 
one normal with respect to NaHS, the f bS forming on the sticks. 
Lebe de w found that such a cell gave a v &lue of 0.5~6 volts, 
and that the same potential is obse r ved if the lead sulfide 
electrode is re placed by platinum. Likewise, G. Tammann, 8 • 
studying the potential of galena electrodes i mmersed in 
solution of salts of metals, against the metal, found that 
the potential exhibited by the cell was not different if a 
platinum electro de replaced the galena. Both authors maintain 
the 
that.Lfead electrode acts as a passive metallic electrode, 
7. Lebedew, Peter P ., op. cit. 
8. Tammann, G., ~· fttr Anorg . ... bernie, 113: 149 ff . ( 1920}. 
7 
exhibiting the potential of the hydrogen ele ctrode rather than 
a characteristic potential of its own. 
? wo methods of approach were employed in these measure-
ments; namely, (a) galena in solutions of definite lead ion 
concentration, and (b) galena in solution of definite sulfide 
ion concentration. The purpose in part (a) was to determine 
the potential exhibited by the lead ion against the crystal 
which could then be substituted in the equation .. .Llf = 1'\EFa 
where E is the corrected observed electromotive force, Fathe 
Faraday equivalent, and, n, the number of equivalents passing 
in the cell. 'lhis would give t he f ree energy of the lead ion 
in solution. This equation assumes knowledge o t ne ce l l 
reaction which had to be determined. When it was found that 
constant values could not be obt a ined by using a solution 
containing lead ion at definit e concentration, alt .nough 
precautions bot h for dissolved oxygen in the solution and f or 
tempera.tu.re variation were observed, t he logical t hing to do 
\\'as to try the effect with sulfide ions in solution.. . This 
met~od from the outset indicated t hat it should be more 
fruitful, for in a ~reliminary investigation, it was observed 
that variation in sulfide ion concentration in the cell 
solution had a much greater effect on the potential exhibited 
by the galena than ve riation of the lead ion. This agrees 
well with the work of Weige19 • who observed that the sulfide 
.9. ·.l eigel, Von o., Sitz . der Gesell, Naturw . Marburg , 
~0.~35 ff. (1921). 
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ion had greater effect than the lead ion on a galena electrode. 
The diff iculty with this approach was that measurements 
became more complicated because of the precautions necessary 
to prevent loss of sulfide ion in the form of H2s. 
After considerable time had been spent in an eff ort to 
g et a steady reproducible value f or the potential of galena 
in solutions of lead or sulfide ion concentration, with no 
success, it was easily understood why previous investigators 
hesitated to ap~ ly their potential measurements to f ree energy 
or ionic activity calculations. ~ he lead in the galena 
obviously acts as a passive and quite probably an irreversible 
electrode. 
k_Q_. B'inal Problem. At this time, the same problem of 
elect rode measurements was visualized in a new light. If a 
crystal of a slightly soluble salt was p laced in a solution 
saturated with respect to the salt, the crystal should 
exhibit no potential, f or from a thermodynamic viewpoint , the 
esc ap ing tendency of t he solid salt is the same as the 
osmotic pressure of the sa l t in solution. 10 • Under such a 
condition o f equilibrium, the free energy is zero. Since, 
however, the free energy is measured by the equation---L\ F = n£ F~ 
when 11 f::: 0 ) since Fa is a const ant and, n, depends on the 
valence of t he ions considered, E must be zero. Theoretically, 
10. Lewis and Randall, 'l'hermodynamics, Chapter XVI, pp. 176-17 
..f!' irst edit ion, 19 23. 
lvicG raw-Hill Book :Jompany, :i'Tew York 
such a source for a null or absolute zero of potential is of 
extreme importance, inasmuch as it forms a basis for electrode 
-potential measurements. CJ.'his basis for comparison would put 
all electrode potentials on an absolute scale instead of on 
the arbitrary scale which .is now in common use; namely, that 
of taking as zero the -potential of the hydrogen electrode in 
a solution of which t he hydrogen ion activity is unity. 
As is to be expecte d from the theoretical importance of 
the p roblem, other i nvestigators have developed methods for 
determining absolute zero of potential . The majority of 
textbooks in physical chemistry, however, either neglect to 
mention the absolute zero or else limit its treatment to a 
footnote as do !jetman and J)aniels. 1l. The best known type of 
null electrode is tne dropping mercury electrode. i' . 1'almaerl2 
re ported the use of this type of elect rode and gave as the 
abs olute potential 0.573 volts against the N/10 Calomel 
Electrode . This electrode is based on tne theory that wnen 
mercury drops through a solution containing mercury ions, if 
the osmotic pressure of the mercury in solution is tne same 
as t he sa:lution pre ssure of t he dropping mercury, the dropping 
electrode (a pool of mercury in the bottom of the cell) 
exhibits no potential a.g~inst the solution. Of course, this 
condition cannot be struck exactly, but if mercury is allowed 
11. Getman, F . H., and Daniels, F., Outlines of Theoretical 
Chemistry, p. 427 . Fifth . edition,-r93l. 
John Wiley and Sons, New York. 
12. Palmaer, w., ~· ftlr Physik . Chemie, 59:129-191 {1907) 
~~- 1: 2527-2528. 
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to drop through a solution in wh i ch the osmotic pressure of 
the mercury ion is greater than the solution pressure of the 
mercury, the drops of mercury will carry down mercury ions 
with them to the pool of mercury in the bottom. ~lhen the 
potential diff erence between the pool of mercu ry in the 
b ottom and an electrode in the solution is zero, the equili-
brium condition is reached. VHth this equilibrium as a zero 
value, Pa lmaer determined his value of 0.573 volts as t hat of 
the N/10 ca lomel electrode. More recently, a method fo r 
measuring the absolute zero of the E .M.F. scale has b een 
t d b 11 ; A d 13 o presen e y ~ . AD auer. Her method is based on t he 
correlation of the potential drop across a gap between a 
li qu id surface and a metal plate held parallel to it, with 
the current which will flow through an ionized gas placed in 
this gap be t ween the liquid surfB.ce and the metal plate. 
Andauer p laced another metal plate ab ove the paral lel 
surfaces and connected this plate to an electroscope. In a 
preliminary test the liquid surface was replaced b y a tin 
plate and v ar ious vo ltage drops were impre ssed on the pair of 
metal p.ls:tes, from t4 volts to -4 volts, and the time for a 
standard divergence. of t.he electroscope leaf was reco r ded. 
This time for divergence was plotted as abscis s a against the 
voltage i mpressed as ordinate, and a sharp break was obtaine d 
at 0.02 volts. This potential was attributed to a gas metal 
interface potential and was used f or a correction in later 
13. Andauer, M., z. fUr Physik. Chemie, 125: 135-143 ( 1927) 
ll 
work. The liquid over a calomel electrode was then used in 
place of the tin plate and a potent ia l drop of plus to minus 
four volts was impre s sed on the s yst em , ~nd again the time f or 
a standard divergence of the electro.s c ope leaf was recorded 
age.ins t impressed voltage. When t h is curve wa 501 plotted on the 
same axis, the break in the curve corresponded with the 
potential of the calomel . electrode, being shifted away from 
the zero to f0.57 volts. This is the value re ported by her 
a s t .he ab solute value of the N/10 calomel elect rode. These 
two methods demonstrate the diff iculty with which absolute 
~otential measurements are made, and illustrates why an 
easily re produced standard re f erence electrode i s generally 
u s ed i n preference to an electrode g iving absolute values of 
potential. 
The method which t he author used to produce the lead 
sulfide null electrode was to int r oduce a crystal of galena 
int o a solution saturated wit h l ead sulfide and with a layer 
of f inely divided PbS in the bo t tom. t o maintain saturation. 
Galena electrodes wh ich had been used in previous experiments 
were u sed ag&in, and the layer in t he bottom was pr ecipitated 
lead sulf ide. The erratic nature of the potentials ob s erved 
with these electrodes was contributed primarily to impurities 
in the crystal. A second consideration was that a true 
equilibrium did not exi s t when the electrolyte was sa turated 
with finel y divided PbS and potential measurement s made on 
large -pieces of galena. There f ore, ga l ena was set a s ide and 
a pure elect rode which was more like the particles with which 
the solution was saturated was sought . The various attempts 
along this line include: the formation of an electrode by 
compressing finely divided, moist pa rticles of PbS and drying 
the pressed lumps at lOOcC. in an inert atmosphere; the use 
of an electrode of fused PbS, an inert atmosphere used during 
the fusion; and, finally, an electrode made by plating active 
sulfide ion on sticks of lead. T.he potential of all these 
type electrodes was measured in a solution saturated with 
PbS and in a cell with a layer of finely divided 2bS on the 
bottom. In the case of the electrodes formed. on the l ead 
sticks (a method reported by Bernfeld to give consistant, 
steady results in a short time), solutions saturated by shaking 
at room temperature as well as solutions saturated at an 
elevated tempe rature and cooled to room temperature were used. 
A slight difference in the potential exhibited in the two 
diff erently saturated solutions was noticed, but it was so 
slight that it can be accounted f or by differenoes in the 
electrodes rather than differences in degree of saturation 
of the solution. 
This introduction has presented the various problems in 
the order in which they were investigated in the course of the 
research. Previous investigation, wherever it existed, was 
discussed. The observations and detailed methods of a pplying 
the above-outlined procedures will be given in the following 
experimental part. 
13 
g. Experimental 
II. A. Foreword 
Unfortunately, the results of this research problem have, 
in general, been negative. In view of the fact, however, that 
an investigation of the potential of highly insoluble substances 
is of considerable interest because of the application of such 
potentials to calculations of physical prope·rties, the work 
presented in the following experimental section is of value in 
directing future research in this field. Investigation with 
lead sulfide is, of course, very attractive because the high 
conductivity of this material keeps the resistance of any cir-
cuit, of which it is a part, at a minimum, an~ allows accurate 
readings of potential to be observed readily. The author has 
spent considerable time working with naturally occuring galena 
and the experimental part presents sufficient evidence to indi-
cate that investigation with this material, particularly with 
the object in mind of obtaining results which can be reproduced 
by another investigator, is futile. Perhaps this can be clas-
sified as the sole positive result from this research. Diffi-
culties in mechanical realization of apparatus necessary to 
produce electrodes which will exhibit the same value of poten-
tial in the same solution have so far not been solved. A 
future investigator, however, beginning with the solution of 
these difficulties and not needing to repeat the pitfalls 
14. 
introduced in the following chapters should be able to produce 
positive results. Therefore the experimental work carried out 
by the author is given in detail 
The topic of apparatus will be considered 
under two headings; standard pieces and special pieces. Stan-
dard e.p-paratus includes that which is used in the form in which 
it is purchased, while s·pecial ap-paratus includes apparatus 
which is purchased nut changed so as to be used in another 
manner than that originally designed as well as other special 
units which it was found necessary to develop. 
ll.!.B. ll Standard Apparatus. We will consider at first the 
I 
standard types of apparatus~ Included under this heading are: 
Q~ ~ Electros£QE~· This was the usual type in 
a circular case with glass wind ows. The metal post, 
however, was introduced from the bottom instead of 
from the top and terminated in a square metal plate 
rather than the usual knob. A binding post made a 
convenient point of contact for the conductor wire 
from the center of the crystal. The electroscope was 
not calibrated because it was used solely in a qual-
itative capacity. 
Lee~ and Northrup potentiometer. This potentiometer 
was of the student type reading directly to 0.0005 
volts and by estimation to tenths of millivolts. It 
had a maximum limit of 1.6 volts. 
ln 
Standard Epply ~· This cell was of the cadmium-
mercury type similar to the standard Weston Cell . Its 
value, as determined by the U. S. Bureau of Standards 
was given as 1.0188 volts at 25° c. The manufacturers 
maintain that there is no temperature coefficient 
with this cell. However, all the work was done at 
room temperature which remained within the range of 
20°C.-25°C. so that any possib le temperature coef-
f icient wolud be so slight that it may be discarded. 
This cell was used to standardize the potentiometer 
so that unknown voltages could be read directly from 
its slide wire scale. 
Galvanometer. The galvanometer used in the circuit 
to indicate balance of potentials was a point 
pivoted instrument with a sensitivit y of 2.48 megohms 
and gave a deflection when the system was out of 
b a l ance by less than two tenths of a millivolt. 
This was true only when precautions were observe d to 
bring the resistance of the circuit to a minimum. 
Thermostat. The thermostat was the standard type put 
out by Central Scientific Company and of about 
15 litre capacity. The heating coil was a copper 
insulated coil operated on 110 volts D.C. wit h a 
p ower input of 110 watts. Coo lin~ was effected by 
a constant f low of tap water through a copper cooling 
coil in the bottom of the thermostat. The temper-
ature was controlled by a toluene bulb mercury column 
control mast. By means of this mast the temperature 
could be maintained with a maximum va riation of three 
one-hundredths of a deEree Centigrade. Heating 
current was thrown off and on by a mercury rocker 
relay operated by an electromagnetic field produced 
by passing current from a lead storage battery 
through a solenoid coil. The storage battery circuit 
was closed upon contact of t he mercury column in the 
thermostat mast with a metal point in the head of the 
mast. When the electromagnetic field was produced, 
the rocker arm was tipped back and the mercury 
contact broken opening the heati ng coil circuit. 
Constant agitation of the water in the thermostat was 
produced by a metal stirrer driven by a continuous 
service D.C. motor. 
II.B.2) Special TlPes. We will now consider the various 
special types of apparatus. Included under this heading are: 
Cells. The various cells used t hroughout the 
resea rch were made by cutting bottles in ha lf and 
using the lower half as the cell vessel. In the 
cases where a large number of electrodes were im-
mersed in the same bath, a bottle of about 10 inches 
in diameter wa s used and the electrodes were mounted 
on a special collar onto which a number of clips had 
been soldered. This collar fitted over the edge of 
17. 
the cell and the electrodes were evenly spaced around 
on the inside about two centimeters from the walls of 
the vessel. 
Fusion !£rnace. Another special piece of apparatus 
is the fusion furnace used to fuse lead sulfide. 
The mold was a piece of porcelain tubinp: about 30 em. 
long with a bore of 8 mm. diameter. This was plugged 
a.t one end with asbestos which had been made into a 
paste by stirring with wat er. When this asbestos 
paste plug was dried out by heating, it effectively 
closed the end of the tube. On the lower third of 
the length of the tube was wound ll feet of Chromel A 
resistance wire size #22. More asbestos paste was 
plastered around the winding and it was all baked dry 
by running a current of 2 amps. through the wire for 
0 
two hours and finally drying in the oven at 110 C for 
two hours. This heating element wound on the mold 
was placed in an upright position in a metal cylinder 
and surrounded by about three inches of asbestos 
packing to insulate it. With this furnace, temper-
" atures above 1200 C. could be obtained. 
Calomel Elect~. It was found convenient to make 
calomel electrodes of various sizes from time to time 
to be handled easily both in and out of the thermo-
stat. The general style was a tube of 3/4 inches 
diameter with an arm sealed into the side a ·bout l/3 
lR 
of the way down f rom the top and another sealed into 
the bottom. The arm sealed into the bottom of the 
tube was bent into a U so that it came up parallel 
to the body of the electrode and on the side opposite 
to the side arm. A layer of pure mercury was intro-
duced into the bottom of the main tube. On top of 
this was placed a layer of calomel paste made by 
grinding mercury, calomel and N/10 KC l solution in a 
mortar in pr oportions to form a thick grey paste. 
The rest of the tube was filled vvith N/10 KC l 
solution, liquid contact to the elec_trode being made 
through the side arm, and metal contact through the 
mercury in the bottom arm. These calomel electrodes 
were allowed to stand over-night before they were 
used, to allow floating particles of HgCl to settle. 
Other pieces o~ equipment will be described in the 
course of the experimental section, for their ap-
plication will be better understood at that time . 
II.C. Reagents. ~ith the exception of the agar-agar used to 
make the jelly salt bridges, all chemicals used were of C.P. 
grade. The purity of the agar-agar was not known, but since it 
was used in only 3% solution in the salt bridges, errors due to 
slight impurity would not be of sufficient significance to 
require a correction. All solutions were made to desired con-
centration in volumetric vessels. The volumetric glassware was 
not calibrated because in all cases where solutions of definate 
19. 
concentration were used, the investigation never went beyond a 
qualitative stage. Saturated solutions, such as those used for 
salt bridges, were made by cooling a hot saturated solution and 
a llowing the solution to stand in contact with the crystals 
formed. 
~· ~Galena Electrode. 
II.D.l) ~urface ]Otential measutements. The initial work 
with the galena electrode, as has been outlined under part I.A. 
in the introduction involved the measurement of the hypothe-
sized surface potential. The .electrode was prepared from a 
large piece of galena crystal which was freshly cracked so 
that faces as near planear as possible could be obtained. Of 
course, a piece large enough to be mounted easily was used, 
this being about 8 mm. on an edge. Inasmuch as we were inter-
ested in measuring the potentia l drop between the center end 
the surface of the crystal, it wa s important to make contact 
with the center of the solid. Therefore, a hole was drilled 
through one side of the crystal down into its center. Then 
this crystal was mounted on a glass tube, by means of 
de Kotinsky cement, in such a manner that the end·of the tube 
surrounded the hole in the crystal face. Mercury was dro p~ed 
down into the tube so that it went down into the hole in the 
crystal face, and then a copper wire was inserted down into the 
mercury in the hole. In this way an excel lent contact with the 
center of the crystal was established. The orystal thus 
mounted was immersed in a N/100 lead nitrate solution and the 
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copper lead from the center of the crystal was connected to the 
binding post of the electroscope. In this manner contact wa s 
made from the electroscope to the center of the crystal entirel~ 
insulated from the surface of the crystal and the solution in 
the cell. The electroscope was charged by induction so that the 
gold leaf diverged somewhat from the metal post. Then a copper 
wire coated with insulation and exposed only at the tips wa s 
at tached by one end to the binding post of the electroscope. 
Due to its insulation it could be manipulated with the hands 
without influencing any current passing through it. The other 
end of this wire was brought in contact with the crystal face, 
first below the level of the solution,and then just above the 
surface of the solution. If there had been any charge on the 
surface in respect to the center of the crystal, some deflec-
tion of the diverged gold leaf would have been observed, either 
increa sing or decreas ing its charge. 
Actual observation showed no de f lection of the gold leaf 
re ga rdless of where contact was made on the crystal surface. 
Furthermore, no deflection was observed when conta.ct was main-
tained on the surface of the crysta 1 while the concentration 
of the lead lon in solution was increased. 
From these observations it was concluded that the hypothe-
sized surface potential wa s either too small to be detected 
even with the sensitive ap~aratus used,or else the ions on the 
surface of the crystal were so closely associated with the ions 
of opposite charge that contact could not be made on the surface 
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without contacting ions of both charge and so no total potential 
could be observed. In view of the fact that no work has been 
reported on measurements of such a type of surface potential, 
by any other investigator, and all considerations of such a 
potential have been purely hypothetical, it was not considered 
advisable to continue research on this problem, but to go into 
the new problem of determining the electrode potential in a 
solution of lead ion. 
II .D.2) Electrode potential ~surements. The electrodes 
used in this new problem were prepared in the same manner as 
that used in the first phase of this research, namel y , by 
drilling crystals into the center, filling the hole drilled 
with mercury and making contact through the mercury with a 
copper wire. All the crystals were mounted on glass tubes. 
In this case it was desirable to eliminate any potential which 
might be due to irregularities in the surface exposed to the 
solution. To avoid any such potential, care was taken to 
choose the smoothest face of the crystal to come in contact wit.b 
the solution, and the other faces were insulated by coating 
them with a thin layer of vaseline. In this manner an electrode 
was produced which came into contact with the solution on only 
one face. 
Since a calomel electrode was used as the other half-cell, 
it was necessary to make contact with the electrode cell 
solution by means of a salt bridge. According to Clark 14 ·the 
best substance to use for such a bridge is saturated KCl. 
Therefore, a salt bridge of saturated KCl in a 3% agar-agar 
jell was used. In this bridge transference is reduced to a 
minimum because the transport numbers of both the potassium 
and chloride ions are practically the same. However, it was 
f ound that the KCl bridge could not be used in this system for 
on the end of the bridge immersed in the lead nitrate solution, 
a layer of lead chloride was formed. This so increased the 
resistance of the circuit and reduced the sensitivity of the 
galva.nometer that readings of greater accuracy than centivolts 
were impossible. Therefore, the KCl in the aalt bridge was 
replaced by a saturated solution of KN0 3 with the idea in mind 
of making the proper corrections, if necessary, for the differ-
ence in the transport numbers of the potassium ions and the 
nitrate ions. It was further noticed that if the diameter of 
the bridge tube was increased, greater sensitivity was obtained 
Therefore, the U tubes of 6 mm. diameter, which were originally 
used, were replaced by tubes of 8 mm. diameter. 
The first experiment undertaken was to determine the 
effect of variation of lead ion and sulfide ion concentration 
on the potential of a gs.lena electrode. To accomplish this, 
a c~ll was arranged containing 100 cc. of distilled water. 
14. Clark, w. M., ~Determination of Hydrogen~ 
Chapter XIII Third edition 1928 
The Williams & Wilki ns Comps.ny Baltimore 
To the water in this cell was added increments of lead nitrate, 
and the potential of the galena observed after complete solution 
of each increment. The diagram for this cell is PbS I PbU03 // 
jj KCl.l, j HgCl, Hg . It was noticed that a large increase in lead 
ion concentration had only a small effect on the potential 
exhibited by the electrode. This cell was washed out, and again 
100 cc. of distilled water was introduced. Now increments of 
sulfide in the fo rm of ammonium sulfide were added. The dia-
gram for Lnis cell is PbS I( NH4)2s ll KC l./11 \HgCl, Hg. The ( NH4) 2s 
was made by pa.s sing washed H2s through 28 % ammonium hydroxide 
for six hours. At the end of this time it was considered that 
complete saturation of the :tJH40H by the H2S had been accomplishe • 
By calculation, based on the equation 2 NH40H+H2S 7( NH4 )2S +1H2o 
and the weight of NH40H in 10 cc. of 28 % solution , 10 cc. of 
this solution contained 2.48 gms. of ( NH4 ) 2s. The potential 
observed with the galena crysta l in this cell was greatly 
influenced by the concentration of the sulfide ion. This obser-
vation is in good agreement with the work reported by Weigel l5. 
who observed the variation of the potential of the galena 
electrode in solutions of lead nitrate and sodium sulfide. He 
explained the great effect of the sulfide ion by postulating a 
complex formetion of lead sulfide and sulfide ion in a solution 
containing excess sulfide ion. ' The result.s of the authors 
observation are tabulated in Table I. In every case the ga lena 
was the negative electrode. 
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Table I._! 
Pb(N03 )2Concentration Potential Observed 
100 ca. H20 + 0.5 gms. Pb(N03 )2 0.0?28 volts. 
100 cc. H20 + 1.5 gms. Pb(N03) 2 0.0776 volts. 
100 cc. H2o saturated with Pb ( N03 )2 0.0805 volts. 
Table I. B 
( NH4 ) 2s Concentration Potential Observed 
100 cc. H2o + 0.025 gms. (UH4 )2s 0.3905 volts. 
100 cc. H2o +- 0.124 gms. ( NH4 ~_ 8 s 0.5?10 volts. 
100 cc. H 0 + 2 0.273 gms. ( NH4 ) 2s 0.6045 volts. 
100 cc. H2o + 0.496 gms. ( NH4 ) 2s 0.62 39 volts. 
100 cc. H2o + 1.24 gms. ( UH4 ) 2s 0. 6416 volts. 
100 c·c. H2o -+ 2.48 gms. ( NH4 } 2s 0.6556 volts. 
The next step was to determine whether or not the paten-
tial at any one concentration was reproducible and also the 
length of time be f ore constant values could be obtained. The 
first solution used for these potential measu1·ements was N/100 
lead nitrate. This solution was used in preference to a sol-
ution containing sulfide ion, as has been pointed out in the 
introduction, due to the greater ease with which the concen-
tration of the lead ion c ould be controlled. A new cell was 
put together containing a battery of galena electrodes all 
prepared as described above, and all immersed in the same 
solution of lead nitrate. At the same time, lead and platinum 
electrodes were also immersed in the same solution along with 
the galena electrodes. The purpose of these lead and platinum 
electrodes was to investigate the postulations of ~ammann and 
Lebedew that the potential exhi'bited by galena in a solution of 
lead ion was characteristic of that shown by the hydrogen 
electrode, and did not differ from the potentia.l observed if the 
galena were replaced by platinum. All these electrodes were 
measured through the same salt bridge against the same calomel 
electrode with the aid of a commutator, and so the values of 
the potentials can be compared directly. At the end of 168 
hours, during which time potential readings were taken at 
intervals, the values of the lead electrodes checked closely 
among- themselves although they were not constant, while the 
potentials of the several galena elect rodes neither checked 
each other nor were constant. This can be seen in Table I I . 
It was obvious that the galena potential was not that character 
istic of a lead electrode for the former had an average value 
of approximately 0.07 volts whi le that of the lead electrode 
was 0.505 volts. On the other .hand, the potential of the 
galena electrodes was very close to the value exhibited by the 
platinum electrodes in the solution and is in excellent agree -
ment with the conclusions of Lebedew and Tammann. 
The differences in the values of the various el~ct rodes 
was thou~ht, at first, to be due to surface contamination, or 
to s difference in the age of the surfaces in contact with the 
Table II . 
- -----·-·--· ---- . -- ---- - - -----~-~ ime a~t e r Values of electrode potentials in volts. 
~J?ffiers1on _ 
1 
1 , f ~hours P~ ~ # 2 PbS # 2 Pb If 4 __ Pb # _!_ __ ~~!~ #_ 1 Pb !___!_:.- P~!._ -ffi ~ •. 
I I 
0 - 0 .0372 -0.0946 -0.4889 -0.4991 I -0.0396 - 0.4904 : -0.2557 
I 
i 3 -0 .0910 - 0 .110 3 -0.7985 - 0.8021 : -0.0812 - 0 . 79 9 3 -0.3364 
28 -o.o939 -o.o794 - o . 5o71 -0 . 499 3 I -o .o592 -o.5o46 : - o.o96 1 
. I 
32 - 0 .0847 - 0.0855 - 0 .5045 -0.4996 j -0. 0442 -0.5066 1 - 0.0931 
! ! I 
45 - 0.0765 - 0. 0 874 -0.5053 i - 0.4997 ! -0 .047 1 -0 .5068 I -0.0804 
I : 
5 1 -o.o6o9 -o.os73 -- o.5o7 7 I -o. 5ooo . ~ - o.o545 - o.5o74 - o.osl6 i . 
68t -0.0598 -0 .0'799 - 0.508 8 I -0.5028 I -0. 0409 ; - 0.5095 I - 0. 0696 
96 -0.0653 1 - 0 .0 794 I -0.5124 -0.5061 I -0.0399 ! -0.5162 -0.0673 
i 112 -0.0669 -0.0724 -0~5104 - 0 . 5056 -0.0363 I -0. 5113 -0.0591 
118 -0.0700 -0.0695 -0.5113 I -0. 5055 I - 0.0358 i -0. 5 124 -0. 0547 
162 -0.0672 -0.0581 -0.5073 : -0 .5048 l -o.o177 I - 0.5087 -0 .0677 
I I I 
169 - 0.0726 -0 .0596 -0.5322 -0.5143 -0.0207 1 - 0.5215 - 0. 0711 j 
. 189 _: - 0 . 0482 -0.0477 ~.5044 ! -0.5052 - 0 . 0233 ! - 0.5075 r - 0 .0499 1 
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solution. Therefore, several devices to obtain identical 
crystal faces on the different crystals were tried, such as; 
washing the crystal in dilute ·nitric acid; washing in dilute 
hydrochloric acid and then bubbling N2 gas over it whi le it was 
in the cell to sweep off any adsorbed oxygen on the surface; 
and final ly. impressing an E. M. F. of 6 volts on the crystal 
electrode in a dilute solution of H2so4 with the crystal as the 
cathode. None of these devices gave electrodes which showed 
potentials identical wit h any other crystal. In the case where 
6 volts had been impressed on the electrode to activate it, 
this crystal showed the potential· characteristic of the lead 
electrode in a solution of Pb(N03 ) 2 • This result is consistant 
with the postulations of Lebedew and Tammann who maintain that 
lead is a passive metal and acts as a noble metal. Under these 
conditions, when a potential is impressed on the crystal, only 
the sulfide ion is affected and so a surface layer of lead is 
left on the crystal. It is on this theory of lead acting as a 
passive metal that Tammann bases the hypothesis that galena 
exhibits the potential characteristic of the hydrogen electrode. 
There was still the possibility that freshly cracked 
crystal faces would exhibit the same potent i a l in a number of 
electrodes1 where aged a.nd possibly oxidized faces would not. 
Therefore, a new cell was put together in which only freshly 
cracked cryst a l faces were al lowed to come in contact with the 
solution. At the same time, two other modifications were made 
which theoretically should have been conducive toward attain-
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ment of steady consistent values. First , the cell was mounted 
in a constant temperature water bath thermostat, for it appeared 
in the above experiments that the potential varied with the 
temperat ure of the solution in the cell. This bath was held 
constant at 25° 0. to within 3/100 of a degree centigrade. The 
second modification was to replace the atmosphere above the 
solution with an inert atmosphere of nitrogen. At the same 
time the solution was washed as free of dissolved oxygen as was 
possible by constantly bubbling nitrogen through it. To accom-
plish this, a vessel 15 em. in diameter was used as the cell 
container and the electrodes were mounted on a rim which fitt ed 
around the edge so that the eight electrodes were evenly spaced 
and each wa s about 15 mm. from the wells of the vess~l. Inside 
this rim was placed another ring upon which were mounted ?lass 
nozzles through which the nitrogen gas was introduced. The 
nozzles were so arranged that bubbles of the gas rose between 
each crystal at the rate of about one bubble every 30 seconds. 
The nitrogen was fed to the nozzles through rubber tubes each 
of which ran back to a general distributor bottle and therefore 
the flow through each line could be regulated by means of a 
pinch clamp. 
Several runs were made with the electrodes under these 
conditions, the insulation on the faces being repaired and the 
mercury contacts in the crystals being renewed after each run. 
Although each run was allowed to continue for at least 100 hours 
a ll of the electrodes had potentials which shifted in value with 
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eac h mea.surement except one, and no two electrodes showed the 
same value. It was quite apparent by this time that the poten-
tia l of ga lena in solutions of lead ion could not be measured 
with a ny great degree of accuracy,( i.e. to better than centi-
volts1 and therefore the more difficult approach was tried, 
namely, to measure the potential in a solution of de f inate 
sulfide ion concentration. Of course, the principal obstacle 
to be circumvented in this approach is to prevent the loss of 
sulfide in the form of H2s. If sulfide ion is lost in this 
manner the values for the potential of galena will never be 
constant for by the Nernst equation the concentration of the 
ion in solution is directly proportional to the potential 
exhibited by the half cell. 
The source of sulfide ion was a wat er solution of H2s 
saturated by passing the gas through distilled water for six 
hours . The s ample was then immediately t r ans f err ed by means 
of 8 ~ipet to the cell, the exc es s being discarded and a fresh 
solntion··:prepa.red for each experiment. A smaller vessel was 
used for a cell than when the cell solution contained lea d ion1 
and the electrodes were suspended in the solution through holes 
in a rubber stopper. By using a rubber stopper which f itted 
snugly into the mouth of the cell and then coating the joint 
with paraf f in a seal was obtained which prevented loss of H2s. 
The stopper was treated with boiling NaOH to remove any free 
sulfur which might be on its surface. A me rcury manometer U 
tube was also pa ssed into the atmosphere in the cell through 
the rubber stopper, to indicate any chang~s of pressure within 
the cell which would indicate evolution of H2s. It was 
essential to get all the oxygen out of the cell before beginnin€ 
a run and so a special technique was used. One hundred and 
thirty five cubic centimeters of distilled water was introduced 
into the cell and the stopper inserted and paraffined in place. 
No mercury was placed in the manometer U tube and an extra tube 
leading to the bottom of the cell was also put through the 
stop~er. Then nitrogen gas was passed in through this extra 
tube and after it had bubbled through the water it escaped out 
the manometer tube. Nitrogen was passed in for an hour. At 
the end of this time the gas inlet and outlet tubes were closed 
with pinch cocks and the line leading from the nitrogen tank 
was disconnected from the glass tube which led into the cell. 
A volume of the H2s saturated water solution sufficient to make 
the solution in the cell N/100 with respect to sulfide ion was 
drawn into a pipet and the tip of the pipet was connected to 
the extra glass tube, which had been drawn up so that it just 
passed through the stopper. The joint was made with a rubber 
connector and the proper precautions were observed to prevent 
any air being carried down into the cell. Then the clamps on 
the i,nlet and out let tubes were opened and the sulfide ion sol-
ution flowed down into the cell driving the gas it displaced 
out the manometer tube. The inlet tube was then pinched shut 
and the manometer tube was closed by introducing mercury down 
into "the U bend. All the joints were resealed with paraffin 
and the cell was placed in the thermostat. In this way the 
dissolved oxygen in the solution and in the atmosphere above 
the solution was replaced by an inert gas before the run/and no 
n2s was lost during the run. 
These electrodes were allowed to approach equilibrium, 
measurements taken at intervals. . In this case the electrodes 
had a value greater than 0.3 volts to begin with, and contin-
ually drifted downward so tha.t at the end of 140 hours they 
were all ~bout 0.2 volts, each value differing from each other 
by about 10 millivolts. Apparently they were not going to 
stop drifting downward. Table III. shows the values of one set 
of electrodes against time. In all these measurements the 
galena electrodes were ne gative. 
The fact that each electrode showed a distinct value of 
its own led the author to believe that results which could be 
reproduced could not be obtained by immersing galena electrodes 
in a solution of definate lead or sulfide ion concentration. 
It was observed, moreover, that two galena electrodes placed in 
the same solution of lead nitrate exhibited a potential against 
each other. Inasmuch as no concentration cell was involved, 
it was decided that the physical condition of the crystal 
influenced the potential, just as two pieces of copper metal 
placed in the same solution of copper sulfate will exhibit a 
potential against each other if one of them has been hammered 
before placed in the solution though both pieces came from the 
same copper sheet. There was the possibility, however, tha t if 
Table III. 
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C>l 
3 
such a pair of electrodes was placed in the same solution and 
short circuited, they would come to equilibrium against each 
other and then both have the same potential. Such a n experimen 
wa s carried out. At the beginning , the value of one against the 
other was 0.0173 volts. At the end of 65 hours this value had 
dropped to 0.0110 volts and at the end of 185 hours to 0.0030 
volts. Then the short ci rcuit was broken and left open for 
t wo hours. At the end of this time the value of the potentia l 
of one against the other had risen to 0.0050 volts. The short 
circuit was maintained for another 435 hours. At the end of 
this length of time one electrode was still 0.0050 volts more 
positive than the other. It appea red that these t wo would 
never re a ch the same value. 
I~~} As a null electrod~. In spi t e of the rather dis-
couraging results obtained in attempting to get values for the 
ga lena electrode in solut i ons of lead and s ul f ide ion, it was 
cons idered quite possible tha t a cell composed of' a galena 
elect rode immersed in a saturated solution of lead sulf ide 
would show a constant potential. I t is easily seen that the 
potential of such a galvanic cell fo rmed when a calomel elec-
trode is used as the other half cell would be independant of 
the tempe:rtature assuming the N/10 ca lomel electrode to be 
independent of the temperature in the range 20°-25° centigrade. 
Therefore , the first experiments were not done in the thermo-
stat. The same type of electrode mounting as had been employed 
in the previous t wo p roblems was used again. The essential 
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factor in obtaining constant values was a rapid attainment of 
equilibrium between the lead sulfide in the solution and the 
electrode. Therefore, a layer of precipitated PbS about 1 em. 
thick was placed in the bottom of the cell and disti lled water 
poured on top and the cel l well shaken. Nitrogen was then 
bubbled through the cell for thirty minutes. Finally the elec-
trodes were introduced and allowed to come to equilibrium. An 
inert atmosphere was maintained in the cell throughout the 
investigation. Measurements against time showed that approsch 
to equilibrium was a very slow process . Therefore another cell 
was prepared and this time the electrodes were i mmersed i nto the 
layer of PbS on the bottom of the cell to hasten attainment of 
equilibrium. Another precaution was observed here. The nitro -
gen, which formerly had been run directly from the tank, was 
now run through a rotary absorption tower containing pyrogallol 
and then through water, before reaching the galena half cell. 
In view of the fact that the nitrogen was obtained by the frac-
tional distillation of liquid air, there is the possibility 
of it containing traces of oxygen which would seriously affect 
the potential of the electrodes. This precaution did not seem 
to have any affect on the values of the new cell. Accurate 
measurements were difficult to obtain for the resistance of the 
circuit was apparently high and therefore reduced the seneitiv~ 
ity of the galvanometer. The high resistance was shown to be 
due to the small amount of dissociated electrolyte present in 
the cell by adding 1 cc. of 10 % NH4No3 • This increased the 
sensitivity of the galvanometer but did not change the va lues 
shown by the individual electrodes. 
Additional precautions were taken to iron out irregulari-
ties. First among these wa s to observe whether freshly pre-
ci~itated PbS, or PbS which had aged two weeks before being put 
into the cell would show an~r influence on the potential of the 
electrodes. Nothing conclusive could be determined for in both 
cases the electrodes when first immersed showed a hi~h potentia 
which in time gradually drifted down to somewhere between 0.057 
volts and 0.048 volts. The affect of the age of the salt. 
bridge and the amount of dissociation through it was also in-
vestigated but it was found to aff ect all electrodes alike and 
was of the order of magnitude of one millivolt. The most 
disappointing fact was that here again each electrod.e had its 
own value no one agreeing with another. 
At this point a qualitative analysis was performed on the 
galena. crystals. This test was purposely biased for only the 
best appe a ring crystals were chosen to analyze. In this 
ana lysis, a strong test for iron wa s obtained as well as weak 
tests for silver and arsenic. This was undoubtedly the reason 
why each crystal showed its own potential. Each crystal would 
have different amounts of i mpurities in the face exposed to 
the solution, and these impurities would influence the potentia.. 
of each crystal differently. The fundamental disturbing f actor 
encountered throughout this research was thus uncovered. The 
necessary condition to be satisfied before work on the null 
electrode could be continued was to produce a PbS electrode 
without impurities. Since ne.ture. does not provide this type of 
pure crystal, it became necessary to produce synthetic PbS 
electrodes in the laboratory. 
II .E. lli ~nthet ic ~ Elect rode . 
!I!E· 1) ~ alternating ££Efent deposition. Several methods 
were u sed to produce synthetic electrodes. The first was to 
plate lead sulfide on to platinum electrodes with the aid of an 
alternEtting current. The object of this experiment was to have 
the a l t ernating current plat e first a sulfide ion a nd then a 
lead ion in sucessive layers as the polarity of the platinum 
electrodes alternated . To acco~plish this a cell containing 
two platinum electrodes immersed in a solution saturated with 
lead sulfide and with a layer of lead sulfide on the bottom, 
was set up. Then a potential of 10 volts A.C. ourrent was im-
pressed on the pl at inum electrodes at 60 cycle frequency. This 
potential was impressed on the cell for 32 hours. A small 
amount of gas was re l eased from both electrodes but no f ormation 
of lead sulfide was built up. There a re two possible explain-
at ions for this lack .o'f lead sulfide formation. Either hydrogen 
was more easily released from the solution due to its greater 
migration velocity than that of the lea d of sulfide ion, or else 
the total current was carried by one ion which first plated on 
the platinum electrode and then went back into solution as the 
polarity of the platinum electrodes alternat id . The same exper-
iment was tried with ethyl alcohol and then carbon disulfide as 
solvents for the lead sulfide but in both cases no deposition 
of PbS was obtained. 
II.E. 2) The fused electrode. The ne~t approach to this 
problem was the possibility of precipitating pure PbS, drying 
it, and then fusing it in the absence of oxygen. Pre paration 
of pure lead sulfide was the first step in the formation of such 
an electrode. This was effected by precipitating the lead ion 
from a liter of N/10 Pb(N03 )2 solution with a liter of a. satur-
ated wat er solution of H2S. In the proceedureJ the Pb(No3 )2 
s olution was poured slowly into the hydrogen sulfide solution, 
and the precipitated PbS was constantly stirred. After precip-
itation was complete, the precipitate was a.llowed to stand on 
the steam bath, in the mother liquor, for three hours, or where 
possible, over night. This was done to induce crysta l growth 
and thus produce a purer precipitate. At the end of this time 
the mother liquor was decanted and the crystalline PbS was 
washed ten times with 25 cc. portions of distilled water, the 
wash water being removed each time by decantation. Then the PbS 
was transferred to a Bachner funnel and washed twice on the 
funnel before being sucked dry. F.inally the damp precipitate 
was spread on a large watch glass and dried in t he oven, at 
first at 100°-110° but later from 65° to 70°0. The drying 
temperature was reduced because at the higher temperature some 
of the dry PbS on the surface had a browni sh color indicative 
of some PbO having been f ormed. This brownish color was not 
observed at 70°0. 
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The next step, the fusion of the dried PbS , offered a 
number of difficulties due to the high melting point of lead 
sulfide, ll20°C. At ll20°C . all glassware -has softened so as to 
be of no use. A quartz cTrtaible was tried at first as the 
vessel in which to carry out the fusion. The necessary temper-
ature was obtained with a blast lamp. It was observed that the 
bottom of the crucible began to sag before more than the outer-
most particles of PbS contained in it had fused. Furthermore, 
when the partia.lly fused PbS was removed, part of the walls of 
the crucible adhered to its surface. Such a partially fused 
piece of PbS _ could not be used as an electrode and so another 
mold for the fusion had to be found. 
Unglazed porcelain was next tried. The porcelain vessel 
was in the form of a tube 15 mm. in outside diameter with a 
bore of 8 mm. diameter. PbS fused in this came out in rods 
8 mm. in diameter and could be conveniently mounted in the end 
of glass tubing. To carry out the fusion, a special furnacet 
described in detail under the heading of special apparatus at 
the beginning of the Experimental section, was used. A '~rex 
g lass tube led an inert gas(~t first N2 , but later C02 } down 
into the porcelain mold to drive out the oxygen. To carry out 
a fusion, dry powdered PbS was introduced into the mold, in 
which the air had been displaced with inert gas, and then an 
inert atmosphere was maintained over the powder. The heating 
unit had 110 volts d.c. impressed upon it, and the current was 
gradually increased to about three amperes, at which current 
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value fusion was accomplished and above which the heating coi l 
burned out. The volume of the PbS upon fusi on decreased to 
about ~ the volume before fusion, and in order to get a piece 
of fused PbS of sufficient size to handle, more powder had to 
be added during the fusion. The PbS just above the hot zone in 
the tube tended to scinter together forming a plug and prevent-
ing more powder from falling down into the hot zone. To get 
more PbS down into the hot region, iron, chromel A, pyrex glass, 
and finally platinum rods were used to break through the scin-
tered plug. The iron rods melted off on the end and the elec-
trodes obtained from fusions in which they were used, showed 
irregular, inconsista.nt values. The iron which melted off was 
heterogeneously mixed through the molten mass and appeared in 
the electrodes giving irregular values to them. Then chromel A 
wire was used 1 but this also , fused off into the molten mass and 
electrodes made from this fused stick showed individual values . 
When pyrex g l ass was tried, it softened rapidly when it penetra-
ted into the hot zone and stuck to the walls of the mold and 
could not be removed. Finally a platinum rod was used and either 
it fused off into the molten PbS, or what is more likely, the 
PbS acted as a flux and dissolved the platinum. Electrodes 
from this fusion we re not mounted) since a known large amount of 
platinum was present as impurity. However, measurements with 
the fused lumps from the various fusions, although not repro-
ducible, all averaged about 0.50 volts which is close to the 
value determined by Palmaer for the N/10 electrode. All pre-
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cautions were observed when measurements with electrodes from 
fused pieces were usedJincluding an inert atmosphere over the 
liquid in the cell, constant temperature fo r the cell, a nd even 
keeping the calomel electrode at const a nt temperature. Unde r 
all these favorab le conditions, no steady inter-electrode 
agreement of values could be obtained, although the general 
drift seemed to be downwardQ The best expl aination f or non-
agree ing values . is, - of course, the impurities introduced when 
the electrodes were fus ed. At this time, Dr. C. M.Alter, of the 
Chemistry faculty, suggested that it wa.s erroneous to expect 
equilibrium conditions to exist in a sys·tem in which the solu-
tion was saturated in respect to small particles and the poten-
tial measured on a large lump. He pointed out that the usual 
cese is for a solution to be supersaturated with respect to 
large pieces when it is saturat ed with respect to small parti -
cles. Therefore, he suggested that an electrode be used whose 
surface nature was that of small pieces. 
II . E . 3) The presse d electrode. The nature qf the pressed 
electrode was made similar to an aggregat e of small particles 
by pressing moist particles together i nt o a solid. The PbS 
was prepared as in the case of the fused elect rode, but instead 
of baking it dry after it had been washe d, it was left damp . 
This damp paste was packed into a square end glass tube which 
was held vertically against a p l ane g lass surface. A g lass rod 
which fitted into the hole in the g las~ tube a llowing only 
enough space for the water to escape, was pressed down graduall~ 
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on top of the PbS. As the water squeesed out, more pressure waf 
used, until finally a pressure of about 100 pounds per squa re 
inch wa s obtained. The glass tube mold was then removed from 
the press and the pressed lump was ejected by pushing it out 
with the glass rod. This was easily done for enough water 
re rrmined between the walls of the mold and the lump to lubricatE 
its passage out. These pressed lumps were placed in a glass 
cylinder which was placed in the oven at 110° c. and co2 was 
circulated through it until the lumps were dry. 'I'he dried 
pieces appeared to be firm although they did not have much me-
chanical strength. They were conveniently mounted in g lass 
tubing of the same bore as their diameter. Measurements taken 
with these electrodes were also erratic, for in about a day's 
time, before equilibrium could be reached, the lumps be gan to 
disintergrate around the seal and either the mercury contact 
ran down into the solution, or else the solution crept up into 
the tube on which the piece was mounted. Attempts to avoid 
this by mounting the pieces of pressed PbS in tubes partially 
constricted on the end delayed the disintergration only a littl 
longer, not long enough to allow the pieces to come to equi-
librium with the solution. These electrodes proved unsatis-
f actory and so were set aside. 
II.E. 4) ~lectrode £l direc~ ,current depositi£Q. There was 
another possib ility of producing an electrode which would be 
somewhat the nature of small particles. In some of his work, 
Bernfeld made use of e. , lead sulfide electrode made by placing 
sticks of lead in a 1 N solution of Na2s and passing a direct 
current of 0.15 amps , through the solution for two minutes; 
makin~ the lead sticks the anode and using a platinum foil for 
a cathode. The nature of such a surface layer of PbS would be 
like that of the fine particles with which the solution was 
saturated. Bernfe ld used these electrodes in a solution which 
contained a considerable amount of sulfide ion and not in a 
solution containing nothing but PbS. The author prepared a 
number of electrodes in this manner and immersed them in cells 
which contained a saturated solution of PbS with a layer of PbS 
on the bottom. As ~ check, one electrode of pure lead was 
included in one cell along with the plated PbS electrodes. To 
see if the approach to saturation of Pb~ in water was a slow 
process, one cell contained a solution of PbS saturated by 
shaking water containing the finely divided solid for eighteen 
hours at room temperature, while another cell contained a 
solution saturated with PbS by const ant agitation of the solid 
in the solution for eighteen hours at 70°0. A preliminary cell 
was run for 205 hours and the average value . during this time 
drifted from approximately 0.49 volts to 0.4 1 volts. The above 
two cells ran for 122 hours and drifted from approximately 0.55 
volts to 0.48 volts. The value of the lead electrode was 0.44 
volts. A sli1.5ht difference in values of the electrodes in the 
cells with the solutions saturated in the above described man-
ners could be interpreted to indicate that at room temperature 
saturetion is not completed after shaking for 18 hours, for the 
average va lues of the electrodes in the s olution saturated at 
room temperature were slightly below those in the solution 
saturated at 70°C. Quantitative results could not be deter-
mined because of the irregularity shown by the values of the 
various electrodes. .l!'urthermore, the difference in values 
need not be explained by a difference in degree of saturation, 
for the difference was so slight as to be of the order of 
magnitude of error in the various elect rode s. rrhe cause for 
the drift observed with this type of electrode is laid to the 
belief that in a solution of PbS, the plated layer of PbS on 
the lead sticKS washes off exposing the lead to the solution 
and allowing the potential of lead against the solution to 
influence the potential of.the electrode . This belief is 
based on the small difference between the potential exhibited 
by the· PbS plated lead st icks and the potential of the pure 
lead stick. Since these elect rode s also continued to dr lft, 
not becoming ste ady at any one value, they too were discarded. 
I I.E. 5) Hew ~eve lopme nt s. Since writing the body of this 
thesis, the author has returned to experimentation with f used 
lead sulfide electrodes and has successfully produced elec-
trodes which give constant steady values . This is very im-
portant to continued work in this field; therefore, the method 
of making the electrode s , and the measurements made with them, 
must be included in this thesis. Lack of time prevents a 
report of detai l ed quantitative work with these electrodes 
from being included. 
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The method of fusing the PbS was e sse ntia~ly that outlined 
uncl.er II.E. 2l, but a few changes were made. fhe mold in the 
electric furnace was wound its entire length with the heating 
element, thus avoiding a cool zone in which the powde r ed PbS 
could scinter. A quartz tube was used to lead the inert· at-
mosphere into the furnace. The charge was added in small 
increments and each increment was allowed to fuse and drop to 
the bottom of the mold before another increment was added. 
Settl ing of the fused PbS was induced by jarring the furnace. 
In this manne r, a pure stick of PbS was f used without intra-
ducing any foreign material during the fusion. The fuse d PbS 
stick appeared very shiny and when broken gave crystalline 
fragments with smooth, mirror-like faces. l!' ragments were u sed 
for electrodes instead of using a cross section of the fused 
stick. ~ach fragment was bound with fine copper wire and 
sealed to the end of a glass rod. The fine copper wire acted 
as the lead from the crystal to the potentiometer. ~he whole 
fragment of fused PbS and its copper binding was then coated 
with paraffin, allowing only the shiny face to come in contact 
with the solution. ~lectrodes p re pa red in this manner were 
introduced into a cell containing a saturated solution of PbS . 
The results obtained with th i s group of electrodes are recorded 
in Table . IV. 
manner, were 
Another gr oup of electrodes, mounted in the above 
introduced into a cell cont aining 5/100 H Pb(NO ) 3 2 
solution to see whether the fused PbS electrode could be used 
in place of ~alena in electrode pot ential measurements , as 
4n 
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detailed in II .D. 2). The results obtained with this ~roup of 
elect rode s are recorded in 'l'ab le V. For the first time, 
consistent, steady values were obt aine d. A.ll instruments used 
to measure the potential of the electrodes were t he same as 
used in previous experiments with the exception of the poten-
tiometer. 'l'he student potentiometer was replaced by a Leeds 
and Northrup type K2 potentiometer which could be read directly 
to hundredths of millivolts. ~he qualitative nature o± the 
experiment does not make the readings significant to hundredths 
of millivolts, however, and so they are tabulated only to 
tenths of millivolts. 
The only conclusions wh ich can be drawn from these results 
are that fused PbS electrodes can be prepared so that they 
give constant reproducible results, and that these electrodes 
can be applied to electrode :potential measurements. ~'urther 
results and conclusions can be stated only after the necessary 
refinements in the measurement of the potential of these elec-
trodes have been made. ~he results in ~able V are very en-
couraging for continued work with fused PbS. 
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III. Conclusions and .§_!:!_ggestions. 
The only valid conclusions which can be drawn from the 
foregoing rather incomplete data can be classified into two 
categories. CPhe first are those drawn from the work on galena • 
.b'rom the investi;R"ations which have been carried out with this 
material and from the results of the qualitative ana.lysis per-
formed on the crystals, to expect reproducible electrodes with 
this material is unreasonable. The various impurities in the 
crystals and the passive nature of the lead in galena, are 
two barriers to the realization of such an expectation. 
Qualitative work of considerable interest can be done with 
the s e crystals, for undoubtedly there is some connection 
between the high conductivity of ~alena to~ether with the poten-
tial it exhibits in water solutions of salts, and the fact that 
it is always found with iron and silver. This should be o! 
interest in the field o! mineralogy. 
Conclusions drawn from the work on synthetic lead sulfide 
electrodes are much more favorable to continued work in this 
field. Since the beautiful crystals which are obtained when 
PbS is fused in an inert atmosphere can be produced without 
introducing impurities, they fo rm electrodes which are repro-
ducible. Use of a pressed electrode will not prove successful 
for the .l?bS crystals are very sharp and hard and do not tend to 
adhe re to each other when pressed together. The PbS electrode 
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prepared by plating sulfide ion on lead sticks does have its 
value in solutions containi ng sulfide ion, for if a sulf ide 
ion washes off of the surface of the lead stick, another will 
be at hand to take its ~lace and the electrode will maintain 
a steady potential . The most pertinent sup:gestion to future 
work is to fuse PbS by adding the char~e to the furnace in 
small amounts and never allow it to build up to the top of the 
hot zone. This will get around scintering and will. give a 
pure fused. stick of FbS. A quartz tube to i nt roduce the inert 
atmosphere should be used, for pyrex glass wi ll seal and shut 
off the supply of gas. Pure crystals obtaine d in this manner 
can then be used in determining the free energy of lead and 
sulfur. Electrodes n~de from these pure crystals will be 
re-producible and can be utilized to determine the rate of 
attainment of sa.turation of water with .PbS as well as being 
used as the basis for a null electrode. 
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IV. Abstract of the Thesis. 
In this thesis a thorough investigation of three prob lems 
connected with the electro-chemistry of lead sulfide has been 
discussed. It was definitely proven that a surface potential 
on a galena crystal immersed in a solution containing lead 
ion in res-pect to the center of the crysta l does not exist, or 
is of such small magnitude as to be unrneasureable. The 
problem of determining the free energy of lead and sulfur has 
been outlined and the methods used in attacking this problem 
with ~~lena electrodes have been presented together with the 
results of this worl{:. It was f ound that galena electrodes 
are not re-producible and did not give steady values i n either 
sulfide ion or lead ion solutions. The reasons for this 
phenomenon were two-fold. First , the potential of galena is 
not characteristic of galena , but is characteristic of the 
potential shown b y a noble metal. ~his was illustrated by the 
fact that galena electrodes and platinum electrodes exhibited 
substantially the same potential in the same solution of lead 
ion. Second, impurities ln the galena crystals made each 
crystal exhibit its own characteristic value. 
The a-p-plication of galena to the problem of producing a 
null electrode together with the importance of such an electrod 
has been discussed. The same difficulties which were encoun-
tered with free energy determinations on galena were also 
encountered in this application of galena . Finally , galena 
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was disc a rded because of its erratic behavior. 
The reason for developing pure lead sulfide electrodes 
was because of the impossibility of obtaining pure, naturally-
occurring PbS. Four types of synthetic PbS electrodes were 
prepared and measurements with three of these types c arried 
out. 'l'.he lead sulfide electrodes formed by fusing PbS showed 
the be s t promise when the mechanical difficulty of obtaining 
them wi thout impurity was completely surmounted. 
~inally, several general conclusions instru~tive to future 
work in this f ield as well as suggestions of applications of 
the pure lead sulfide electrodes have be en outlined. ~he most 
important conclusion is that natura l ly occurring PbS cannot 
be used for quantitative measurements. The suggested use 
which should prove most interesting f or further investigat ion 
is the application of the pure electrodes to solubility 
measurements and measurements of the rate of att ainment of 
saturEtion of PbS in water . 
v. Summary. 
Galena , although it presents many properties favorable to 
investigations with it in the field of electro-chemistry , has 
the overbearing disadvantages due to impurities and the pecul-
iarities of the lea d in the surface. Investigatio ns with this 
material are, therefore, l imited to the fields of qualitative 
or mi nera l ogical re search. The pure lead sulfide electrode 
retains a ll the attributes of galena and does not have the 
irre gularities due to impuritie s . From the work presented in 
connection wi th the fused electrode, a fo undation can be laid 
for fruitful and interesting research . The pure fused elec-
trode should work wel l as a null electrode . The major dif-
ficulty is one of mechanical manipu lation of material, f or 
measurements made wi th the fused electrode containing slight 
impurities, calling this a nu..Ll elect rode , gives t.he N/10 
calomel electrode the value of 0.50 volts wh i ch, unde r 
ex i st ing condition~ agre es well with the value of 0. 573 volts 
given by Fa lmaer. 
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